The sequence of silent DNA in the human genome (intergenic spacers, introns and synonymous codon positions of protein-coding genes) was found here to have the higher thermostability of corresponding RNA/RNA and RNA/DNA duplexes as compared with randomized sequence. This difference increased with elevation of GC content. The revealed effect was not due to correlation of RNA/RNA and RNA/DNA thermostabilities with thermostability of the DNA/DNA duplex, which, on the contrary, was lower than in the randomized sequence and lagged behind the elevation of GC content. The same picture was observed in the genomes of other warmblooded vertebrates but not in the lower organisms.This finding suggests that RNA-RNA and RNA-DNA interactions could be involved in the putative function of silent DNA.
INTRODUCTION
It is assumed that up to 99% of the human genome does not code for proteins (IHGSC, 2001; Venter et al., 2001) . The function of this DNA, if any, is unknown. Most human genes are concentrated in the GC-rich genome core (Bernardi, 2000) . The causes of this GC-enrichment are also unknown, but are supposed to be due to either mutation bias (Francino and Ochman, 1999; IHGSC, 2001) , biased gene conversion (Galtier et al., 2001; Galtier, 2003) , selection for thermostability of DNA helix (Bernardi, 2000) or physical properties associated with active transcription (bendability and ability to undergo B-Z transition) (Vinogradov, 2001 (Vinogradov, , 2003 . Here the relative (to randomized sequences) thermostabilities of DNA/DNA, RNA/RNA and RNA/DNA duplexes are analyzed in different genomic regions of warm-blooded vertebrates and lower animals.
MATERIALS AND METHODS
The sequences were extracted from GenBank. Genes were checked for duplicates on the basis of coding sequence (CDS) similarity (>99%). Pseudogenes were not included in the gene-level analysis, but were taken into account for the determination of intergenic spacers. The transposable elements and the level of their divergence (percent of nucleotide substitutions) from consensus sequences were determined with the RepeatMasker program (A.F.A. Smit and P. Green, http:/ /ftp.genome.washington.edu/RM/ RepeatMasker.html). The thermostabilities of each sequence were determined using the dinucleotide tables for free energy of melting ( G) for RNA/RNA (Xia et al., 1998) , RNA/DNA (Sugimoto et al., 1995) and DNA/DNA (SantaLucia, 1998) duplexes in a sliding dinucleotide frame (with 1-nt steps), and averaged for each sequence. (In the case of RNA/DNA duplex, where there is a difference between strands, the results with the GenBank strand considered as the DNA strand are presented. The results with the opposite strand were similar.)
For each non-coding genomic sequence (introns, intergenic spacers and Alu repeats), 10 randomizations were made, and thermostabilities calculated for these randomized sequences were averaged (to approximate the mathematical expectation for randomized sequence). For each protein-coding sequence, all synonymous codon positions that can be permuted with conservation of the same GC content of each synonymous position (i.e. only G ↔ C or A ↔ T replacements were allowed to ensure the strictest conditions of permutation), were randomly permuted 10 times with preservation of the mean purine content of the total set of synonymous positions, and thermostabilities calculated for these permuted sequences were averaged. The relative value of each thermostability was determined for each genomic sequence as the difference between the value for the genomic sequence itself and the average value for its 10 randomized or permuted sequences. (The relative thermostabilities determined as ratios between the values for genomic and randomized/permuted sequences were also analyzed and showed qualitatively the same picture.)
RESULTS AND DISCUSSION
In the introns and intergenic spacers of warm-blooded vertebrates, the relative thermostabilities of RNA/RNA and RNA/DNA duplexes were not only generally greater than zero but increased with the elevation of GC content ( Fig. 1 and Table 1 ). The opposite picture was observed for the relative thermostabilities of DNA/DNA duplex. Genomes of the lower animals did not show such regularities (Table 1) . In the CDS, the relative thermostabilities of RNA/RNA and RNA/DNA duplexes were also positive in the genomes of warm-blooded vertebrates and increased with elevation of GC content, whereas the relative thermostabilities of DNA/DNA duplex showed the opposite trend (Table 1) . Among the lower organisms, the coding sequences of the pufferfish and the fruitfly showed a similar trend but increments in the relative RNA/RNA(DNA) thermostabilities were lower and there was no decrement in the relative thermostability of DNA/DNA duplex (Table 1) .
Generally, there seems to be a trade-off between relative RNA/RNA(DNA) thermostabilities and relative DNA/DNA thermostability caused by intrinsic physical properties of nucleic acids, because they correlated negatively in all genomes studied (data not shown). Therefore, a great increment in the former (as in warm-blooded vertebrates) is to be associated with a decrement in the latter.
In the warm-blooded vertebrates, all the effects were more pronounced in the introns as compared with the intergenic spacers and synonymous positions of coding sequences (Tables 1 and 2 ). (Hence, these effects can be helpful for gene prediction.)
The Alu repeats, the most common retroposons in the human genome (above 95% of which are already dead) (Smit, 1999; Aleman et al., 2000) , showed an increase in the relative RNA/RNA(DNA) thermostabilities both with elevation of GC content and (independently) with the divergence from consensus sequences which approximate active ancestor copies (Table 3) .
The data obtained suggest that thermostability of the corresponding RNA/RNA(DNA) duplexes can be important for non-coding DNA of warm-blooded vertebrates, especially in the GC-rich genome core. Since the non-coding DNA may accumulate to a considerable degree through the activity of retroposons, it could be supposed that the observed effects originally emerged in the retroposons to facilitate their propagation. However, the thermostabilities of RNA/RNA(DNA) duplexes were lower in the active ancestor copies of Alu retroposons and increased after they were dead (Table 3) . Furthermore, the regions of noncoding DNA where no transposable elements were detectable showed the same effect as the total sequences (Tables 1  and 2) .
It is well known that most (>95%) RNA transcribed in the mammalian cells is short-lived and not translated into proteins (Mattick and Gagen, 2001 ). Many small regulatory RNAs were discovered recently and their number is believed to be still underestimated (Eddy, 2001; Pasquinelli, 2002; Wagner and Flardh, 2002) . It was suggested that in the higher eukaryotes, which turned out to have a surprisingly small number of protein-coding genes but a large amount of presumably noncoding DNA, the unknown RNA-RNA and RNA-DNA interactions operate as multitasked regulatory networks (Mattick, 2001; Mattick and Gagen, 2001) . In fact, a new paradigm for molecular and cellular biology was proposed. The data obtained here support this suggestion. The effects being stronger in the introns is also in accordance with this hypothesis. The regulatory networks based on RNA-RNA(DNA) interactions involving silent DNA may have appeared earlier The significance levels for differences of mean relative thermostabilities from zero for warm-blooded vertebrates are P < 10 −12 . than in warm-blooded vertebrates, but thermostabilities of these interactions can become crucial only in these organisms. This could lead to GC-enrichment of the genome and to the shaping of its sequence for even higher RNA-RNA(DNA) thermostabilities than follow from the nucleotide content. The main increase in thermostability was due to GC-enrichment per se, but the effects revealed here indicate the thermostability of which duplex(es) might have been a leading cause of this enrichment. The lagging thermostability of DNA/DNA duplex is understandable because the melting energy of the long DNA duplexes is much higher than the body temperature of warm-blooded vertebrates (Sugimoto et al., 1996) , and because of the (above mentioned) inverse relation between the relative RNA/RNA(DNA) and DNA/DNA thermostabilities. As for putative regulatory RNA-RNA(DNA) interactions, they probably hinge on the short (or incomplete) sequence match, therefore the thermostabilities of these interactions can become important in warm-blooded organisms. An analogy exists in prokaryotes where GC content of the total genome does not correlate with habitat temperature, whereas GC content of the ribosomal RNA does (Galtier and Lobry, 1997; Hurst and Merchant, 2001 ).
